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ABSTRACT 
 
Enstatite chondrites and aubrites are meteorites that show the closest similarities to 
the Earth in many isotope systems that undergo mass-independent and 
mass-dependent isotopic fractionations. Due to the analytical challenges to obtain 
high-precision K isotopic compositions in the past, potential differences in K isotopic 
compositions between enstatite meteorites and the Earth remained uncertain. We 
report the first high-precision K isotopic compositions of eight enstatite chondrites 
and four aubrites and find that there is a significant variation of K isotopic 
compositions among enstatite meteorites (from −2.34‰ to −0.18‰). However, K 
isotopic compositions of nearly all enstatite meteorites scatter around the Bulk 
Silicate Earth (BSE) value. The average K isotopic composition of the eight enstatite 
chondrites (−0.47 ±0.57‰) is indistinguishable from the BSE value (−0.48 ±0.03‰), 
thus further corroborating the isotopic similarity between Earth’ building blocks and 
enstatite meteorite precursors. We found no correlation of K isotopic compositions 
with the chemical groups, petrological types, shock degrees, and terrestrial weathering 
conditions; however, the variation of K isotopes among enstatite meteorite can be 
attributed to the parent-body processing. Our sample of the main-group aubrite MIL 
13004 is exceptional and has an extremely light K isotopic composition (δ41K=−2.34 
±0.12‰). We attribute this unique K isotopic feature to the presence of abundant 
djerfisherite inclusions in our sample because this K-bearing sulfide mineral is 
predicted to be enriched in 39K during equilibrium exchange with silicates.  
  
1. INTRODUCTION 
Enstatite meteorites include undifferentiated chondrites and differentiated 
aubrites (Keil, 1989, 2010), both containing abundant (75-98 vol.%) enstatite (Watters 
and Prinz, 1979). Currently enstatite meteorites are the most reduced known meteorite 
group (Brearley and Jones, 1998). Due to their extremely reduced conditions of 
formation, nominally lithophile elements (e.g., K) that mostly occur in silicate 
minerals can form unique metal, sulfide and nitride mineral assemblages (Keil, 1989; 
Krot et al., 2014). Enstatite chondrites can be further divided into two sub-groups: 
high-Fe EH and low-Fe EL. Each sub-group has several petrographic types (EH3-7 
and EL3-7) according to the degree of their thermal metamorphism, with type 3 being 
the most unequilibrated and type 7 the most equilibrated. The genetic relationship 
between the two subgroups is still not well known. Keil (1989) suggested that they 
originate from different parent bodies because each group contains unique clasts not 
found in the other groups.  
Aubrites are highly reduced, FeO-poor and brecciated (except for Shallowater) 
enstatite orthopyroxenites (Keil, 1989). All aubrites appear to have formed on the 
same parent body, which has experienced extensive melting and igneous 
differentiation (Keil, 1989); however the genetic relationship between the enstatite 
chondrites and aubrites is still under debate (Keil, 1989, 2010). Some detailed 
discussion on the mineralogy and trace elements in aubrites can be found in previous 
studies (e.g., Watters and Prinz, 1979; Floss et al., 1990). 
Enstatite meteorites have received attention due to their isotopic similarities to 
the Earth, especially for oxygen, which is the most abundant element in both the Earth 
and stony meteorites. Both enstatite chondrites and aubrites plot on the Terrestrial 
Fractionation line defined by terrestrial samples on the δ18O vs. δ17O plot (Clayton et 
al., 1984), suggesting a genetic relationship between the Earth and enstatite meteorites. 
As such, enstatite chondrites have been suggested as a proxy for the building blocks 
of the Earth (Javoy, 1995; Javoy et al., 2010). In addition to the O isotope systematics, 
enstatite chondrites and the Earth display indistinguishable mass-independent isotope 
effects such as excesses or depletions in the heavy isotopes of iron peak elements, 
48Ca, 50Ti, 54Cr, 64Ni; in the p-process isotope 92Mo, but also in the s-process isotope 
100Ru (Dauphas et al., 2002; Trinquier et al., 2007; Trinquier et al., 2009; Qin et al., 
2010; Burkhardt et al., 2011; Steele et al., 2012; Tang and Dauphas, 2012; Zhang et 
al., 2012; Dauphas et al., 2014; Fischer-Gödde et al., 2015; Mougel et al., 2018). 
The isotopic compositions of Mg, Ca, Fe, Zn, and Rb which follow 
mass-dependent fractionations are also identical for enstatite chondrites and the Earth 
within currently available measurement precisions (Teng et al., 2010; Moynier et al., 
2011; Wang et al., 2014; Huang and Jacobsen, 2017; Pringle and Moynier, 2017). One 
exception observed so far is the enrichment of light Si isotopes in enstatite meteorites 
when compared to the Earth (Georg et al., 2007). This could be due to the presence of 
isotopically light Si isotopes in the metal phase of enstatite chondrites, or to 
fractionation between Mg-silicates and nebular gas during condensation (Georg et al., 
2007; Fitoussi et al., 2009; Fitoussi and Bourdon, 2012; Savage and Moynier, 2013; 
Dauphas et al., 2015). The S stable isotope composition of enstatite chondrites is also 
different from that of the Earth; however, S is highly chalcophile and the difference 
can be attributed to isotope fractionation during core formation (Defouilloy et al., 
2016). 
There are several other differences between enstatite meteorites and the Earth, 
notably in their oxidation states and major element ratios (e.g., Mg/Si and Al/Si) 
(Larimer and Anders, 1970; Baedecker and Wasson, 1975). As such, it has been 
suggested that enstatite meteorites and the Earth were derived from the same isotopic 
reservoir, but experienced different evolutionary paths (e.g., Dauphas, 2017). 
Potassium is a moderately volatile element with a 50% condensation 
temperature ~ 1006K at 10-4 bar in a gas of solar composition (Lodders, 2003), and is 
normally (i.e., with terrestrial rocks as guide) considered a lithophile, incompatible 
element. However, under the low oxygen fugacity (log(fO2)=FMQ−8 to −10; where 
FMQ is the Fayalite-Magnetite-Quartz buffer) conditions inferred for enstatite 
meteorites (Fogel et al., 1989; Casanova et al., 1993) the cosmochemical and 
geochemical character changes (Petaev and Khodakovsky, 1986). In a solar gas 
enriched in C-rich interplanetary dust particles (e.g., a gas with a C/O ratio ≥0.9, in 
contrast to the solar ratio of 0.5; Lodders, 2003) necessary to explain the reduced 
mineralogy of enstatite chondrites, potassium condensation includes sulfides such as 
djerfisherite [K6(Fe,Cu,Ni)25S26Cl] (Ebel and Alexander, 2011; Ebel and Sack, 2013). 
As a result, the geochemical character of K in enstatite chondrites must be considered 
both lithophile and chalcophile, since djerfisherite, which is made up of about 10% K, 
can be found in enstatite meteorites. 
Potassium has two stable isotopes: 41K (6.7302 atom%) and 39K (93.2581 
atom%); the fraction of long-lived 40K is less than 0.0117 atom% in the Earth and 
stony meteorites (Meija et al., 2016). These characteristics give K and its isotopes the 
potential to be used as a tracer for understanding the different evolutionary history of 
the enstatite meteorites and the Earth, especially for moderately volatile element 
accretion. The Earth is depleted in K and the other moderately volatile elements by 
almost an order of magnitude compared to enstatite chondrites. The K/U ratio of the 
Earth is 13,800 (Arevalo et al., 2009), while the K/U ratio of the enstatite chondrites 
is ~100,000 (Lodders and Fegley, 1998). So far only two enstatite chondrites and two 
aubrites have been analyzed for K isotopes: EH4 Abee and Indarch (Kempe and 
Zähringer, 1966; Burnett et al., 1966; Humayun and Clayton, 1995); aubrites Norton 
County and Peña Blanca Spring (Burnett et al., 1966). There was no detectable K 
isotopic difference between enstatite meteorites and Earth.  
Over the past years, the analytical precision of K isotopes based on 
Multiple-Collector Inductively-Coupled-Plasma Mass-Spectrometer (MC-ICP-MS) 
has been significantly improved (Li et al., 2016; Wang and Jacobsen, 2016a; Hu et al., 
2018; Morgan et al., 2018) and resolvable K isotopic differences among 
extraterrestrial and terrestrial samples have been observed. Therefore in order to 
investigate the evolution of moderately volatiles in enstatite meteorites and to 
compare the evolution of volatiles with that of the Earth, we measured high-precision 
K isotopic compositions of 12 enstatite meteorites samples. The K isotopes of 
enstatite chondrites and aubrites can also help illuminate the genetic relationships and 
thermal history of different sub-groups of enstatite meteorites and better understand 
the mechanisms of moderately volatile element fractionation during either nebular or 
planetary condensation/vaporization events. 
2. SAMPLES AND ANALYTICAL METHODS 
2.1 Sample description 
We have studied twelve bulk samples from the three different enstatite 
meteorite groups: EH-, EL-chondrites and aubrites. All samples are finds from 
Antarctica. The acronyms in Antarctic meteorites’ names represent the places where 
they were found (e.g., ALH, EET, GRO, LAP, LAR, LON, MAC, MET, MIL, PCA, 
PRA, PRE, QUE, RBT, RKP represent Allan Hills, Elephant Moraine, Grosvenor 
Mountains, LaPaz Icefield, Larkman Nunatak, Lonewolf Nunatak, MacAlpine Hills, 
Meteorite Hills, Miller Range, Pecora Escarpment, Mount Pratt, Mount Prestrud, 
Queen Alexandra, Roberts Massif, Reckling Peak respectively). A previous detailed 
study compared Antarctic finds with meteorite falls and showed that the K isotopic 
compositions of Antarctic meteorites have not been altered compared to meteorite 
falls (Tian et al., 2018). The eight enstatite chondrites analyzed include three EH3 
(LAR 12252, LAR 06252 and MIL 07028), one EH4 (EET 96135), one EL3 (MAC 
88136), one EL4 (MAC 02747) and two EL6 (ALHA81021 and LON 94100). MAC 
88136 is a regolith breccia, while MAC 02747, ALHA81021, LON 94100, LAR 
06252, and EET 96135 are unbrecciated (Rubin, 2015). The brecciation 
characteristics of MIL 07028 and LAR 12252 are not reported. Four main-group 
aubrite samples were analyzed (ALHA78113, ALH 84009, MIL 13004 and LAR 
04316). All aubrites are brecciated: LAR 04316 is a regolith breccia, ALHA78113 is a 
polymict breccia and the remaining aubrites are monomict breccias (Rubin et al., 1997; 
Keil, 2010; Rubin, 2010, 2015). To test the reproducibility of the measurements, 6 
enstatite chondrite analyses were replicated (labeled as #1 and #2 in Table 1) from the 
same homogenized powders. Possible K isotopic heterogeneity within bulk aubrite 
samples was tested by analyzing two fragments from each of the three aubrites 
(ALHA78113, MIL 13004 and LAR 04316; labeled as fragment 1 and fragment 2 in 
Table 2). 
2.2 Analytical methods 
Meteorite samples were crushed into fine powders in an agate mortar. Aliquots 
(~100mg) were then dissolved under pressure in Parr digestion vessels in 
concentrated HF/HNO3 mixture (7ml HF+ 2ml HNO3) at 180°C for 48h to ensure a 
total dissolution and dried under heat lamps. Samples were then redissolved with 6 N 
HCl for another 24h. 
Potassium was separated by cation-exchange chromatography using the 
procedures described in Chen et al. (2019). Briefly, the samples were dissolved in 0.7 
N HNO3, centrifuged and then loaded into chromatography columns (ID=1.5cm; filled 
with 17 mL Bio-Rad AG50W-X8 100-200 mesh cation-exchange resin). Matrix 
elements were eluted with 0.7 N HNO3 and then K was collected. To further purify K 
from matrix elements, we repeated the same procedure again with a smaller column 
(ID=0.5cm; filled with 2.4 mL resin). The yield of the procedure was monitored at all 
times by collecting elute pre-cuts and post-cuts (collected before and after the K-cuts) 
with total K yields all > 99%. 
Samples were analyzed with a Thermo Scientific Neptune Plus MC-ICP-MS 
at Washington University in St. Louis. Instrumental mass bias was corrected by using 
the sample-standard bracketing protocol. The K isotopic compositions are reported in 
the delta notation, where δ41K= ([(41K/39K) sample/ (41K/39K) standard –1] ×1000). The 
standard used here is NIST SRM 3141a. One geostandard (BHVO-2) was always 
analyzed in the same session as an external standard for quality control. The internal 
(within-run) reproducibility was typically ~0.05 ‰ (95% confidence interval; 2σ). 
The long-term (~20 months) reproducibility of this method has been evaluated at 0.11‰ 
(2SD; Chen et al., 2019). The total procedural blank of this method is 0.26 μg (Chen 
et al., 2019) and is negligible for all the samples here. 
3. RESULTS 
Potassium isotopic compositions are reported in Table 1 and 2 for bulk 
enstatite chondrites and aubrites, respectively. All uncertainties are quoted as 95% 
confidence intervals, 2σ. The geostandard BHVO-2 (δ41K = −0.46 ±0.03‰; n=91) is 
in excellent agreement with previously published values for BHVO (Li et al., 2016; 
Wang and Jacobsen, 2016b; Wang and Jacobsen, 2016a; Hu et al., 2018; Morgan et 
al., 2018). 
3.1. Potassium isotopic compositions of enstatite chondrites 
As shown in Table 1 and Fig. 1, the K isotopic compositions of enstatite 
chondrites range from −0.92 ±0.04‰ (EL6 ALHA81021) to −0.18 ±0.03‰ (EL6 
LON 94100) and scatter around the Bulk Silicate Earth (BSE) value (−0.48 ±0.03‰; 
Wang and Jacobsen, 2016a). The error-weighted average of all enstatite chondrites is 
−0.47 ±0.57‰ (2SD, n=8), which is indistinguishable from the BSE value. 
The K isotope data for the three EH3 chondrites range from δ41K = −0.61 
±0.02‰ to −0.18 ±0.03‰ with an average of −0.41 ±0.43‰ (2SD, n=3). The EH4/5 
chondrite EET 96135 shows a δ41K of −0.33 ±0.02‰, which is in agreement with the 
EH4 sample (Indarch; +0.3 ±0.8‰) reported by Humayun and Clayton (1995). The K 
isotopic composition of the EL3 chondrite MAC 88136 (δ41K = −0.74 ±0.05‰) is 
essentially identical to the value of the EL4 chondrite MAC 02747 (δ41K = −0.76 
±0.02‰). The EL6-chondrites show considerable variability, with δ41K ranging from 
−0.92 ±0.04‰ to −0.18 ±0.03‰. The average δ41K of EL6 chondrites is −0.43 ±1.04‰ 
(2SD, n=2). Six analyses were repeated using aliquots from the same powdered 
samples through the full procedure from sample digestion, to column purification, to 
MC-ICP-MS analysis. All replicate analyses agree within our typical internal 
reproducibility (~0.05‰; see Table 1 and Fig. 2).  
3.2. Potassium isotopic compositions of aubrites 
The four aubrites display a large range in K isotopic compositions (−2.34‰ < 
δ41K < −0.37‰; see Table 2 and Fig. 1). Excluding MIL 13004, the average value of 
aubrites is δ41K = −0.55 ±0.39‰ (2SD, n=3), which is indistinguishable from the 
average value of −0.47 ±0.03‰ for all enstatite chondrites and that of the Bulk 
Silicate Earth (−0.48 ±0.03‰; Wang and Jacobsen, 2016a). Because all aubrites used 
in this study are breccias, we measured multiple different fragments from each 
meteorite in order to confirm the data and check the homogeneity of the K isotopic 
distribution within the sample (Table 2 and Fig. 2). The two fragments of 
ALHA78113 (−0.63 ±0.05‰ vs. −0.63 ±0.05‰) and the two fragments of MIL 
13004 (−2.34 ±0.04‰ vs. −2.36 ±0.12‰) have identical K isotopic compositions 
within errors. The δ41K of the two LAR 04316 fragments (−0.34 ±0.04‰ and −0.54 
±0.08‰) indicating some possible variability but the difference is still within our 
long-term reproducibility (±0.11‰; Chen et al., 2019). These results suggest 
homogeneity of the K isotopic composition within ~0.1‰ for aubrites at the 
sub-centimeter-scale.  
  
4. DISCUSSION 
4.1. The K isotopic composition of enstatite chondrites compared to the Bulk 
Silicate Earth. 
Previous K isotope studies found no resolvable difference (within ~0.5‰) 
between enstatite meteorites and the Earth based on two enstatite chondrites and two 
aubrites (Kempe et al., 1966; Burnett et al. 1966; Humayun and Clayton, 1995).  
We analyzed 8 EC samples that cover nearly all petrological and chemical 
types of enstatite chondrites. The improved analytical precision (~0.05‰) enabled us 
to resolve K isotopic differences between the Bulk Silicate Earth (−0.48 ±0.03‰; 
Wang and Jacobsen, 2016a) and individual enstatite chondrites for the first time 
(varying from −0.92 to −0.18‰). We observe resolvable K isotope fractionation at the 
0.5‰ levels (i.e., best analytical precision in Humayun and Clayton (1995) between 
individual enstatite chondrite samples. However, it is important to note that the K 
isotopic compositions of all enstatite chondrites scatter around that of the BSE and the 
average value calculated from all enstatite chondrites (δ41K = −0.47 ±0.57‰; 2SD, 
n=8) is identical to the BSE value (−0.48 ±0.03‰; Wang and Jacobsen, 2016a). Even 
for the EL6 chondrites, the type that shows the largest variation, the average δ41K 
value (−0.43 ±1.04‰; 2SD, n=2) is indistinguishable from that of the BSE.  
As shown in Fig. 3 and Fig. 4, compared to carbonaceous and ordinary 
chondrites (Bloom et al., 2018; Ku and Jacobsen, 2019), enstatite chondrites are the 
only group with an average K isotopic composition identical to that of the BSE. In 
contrast, most carbonaceous chondrites (averaging at ~−0.28‰) display heavier K 
isotopic compositions than the BSE (−0.48‰), while most ordinary chondrites 
(averaging at ~−0.70‰) are isotopically lighter (Bloom et al., 2018; Ku and Jacobsen, 
2019). Tian et al. (2018) reported K isotopic compositions for lunar, Martian, and 
eucrite meteorites, which are all enriched in 41K compared to the BSE. Among all 
undifferentiated and differentiated meteorites that have been analyzed so far, enstatite 
chondrites are the only meteorites that have the same average K isotopic composition 
as the Earth (See Fig. 3 and Fig. 4). The high-precision K isotopic composition of 
enstatite chondrites is consistent with other stable isotope systems (e.g., Mg, Ca, Fe, 
Zn, and Rb) and mass-independent isotope systems (e.g., 48Ca, 50Ti, 54Cr, 64Ni, 92Mo, 
and 100Ru anomalies) (Dauphas et al., 2002; Trinquier et al., 2007; Trinquier et al., 
2009; Qin et al., 2010; Teng et al., 2010; Burkhardt et al., 2011; Moynier et al., 2011; 
Steele et al., 2012; Tang and Dauphas, 2012; Zhang et al., 2012; Dauphas et al., 2014; 
Wang et al., 2014; Fischer-Gödde et al., 2015; Huang and Jacobsen, 2017; Pringle and 
Moynier, 2017; Mougel et al., 2018), which overall could suggest a kinship of the 
matter that accreted to the Earth and enstatite meteorites.  
4.2. The origin of the K isotopic fractionation in enstatite chondrites 
The enstatite chondrites analyzed in this study display significant δ41K 
variations (−0.92 to −0.18‰) without definitive trends among the chemical groups 
(EH and EL-chondrites), petrological types (3-6), shock degrees (S2-S4) and 
terrestrial weathering conditions (see Fig. 5). To understand the possible mechanism(s) 
accounting for the K isotopic variations among enstatite chondrites, we consider the 
following four possibilities: 1) terrestrial contamination and weathering; 2) 
spallogenic and cosmogenic effects; 3) parent-body thermal processing; and 4) impact 
vaporization. 
4.2.1 Terrestrial contamination and weathering 
All meteorites in this study are “finds” from Antarctica and their K isotopic 
compositions could potentially be altered by terrestrial contamination. In general, the 
terrestrial ages of Antarctic meteorites vary from 2000 to 1 million years (Nishiizumi 
et al., 1989; Jull et al., 1998). Among all meteorites in this study, only ALH 84007 
(paring with ALH 84009) has been studied for its terrestrial age. Its terrestrial age of 
2.4-4.6 ± 1.4 ka is among the shortest terrestrial ages reported for Antarctic meteorites 
(Jull et al., 1998). The weathering processes of meteorites commonly involve the 
formation of rust, oxidation of metal, hydrolysis of silicates, hydration, carbonation, 
and dissolution (Bland et al., 2006). The presence of evaporite minerals on the surface 
could serve as an indicator for extensive hydrous alteration (i.e., mobilization of the 
soluble elements like K; Velbel et al., 1991). Among the eight EC samples in this 
study, only two (LON 94100 and LAR 06252) contain observable evaporite minerals 
(see Table 1; letter “e” represents evaporite mineral visible). As shown in Table 1 
and Fig. 5a, when compared to the other six samples these two evaporite-bearing 
samples (LON 94100 and LAR 06252) do not show more extreme δ41K values. For 
example, EL6 chondrite LON 94100 (weathering grade Be; moderately weathered) 
has a heavier isotopic composition than EL6 chondrite ALHA81021 (grade A; minor 
weathering); in contrast EH3 chondrite LAR 06252 (grade Be; moderately weathered) 
shows a lighter isotopic composition than EH3 chondrite LAR 12252 (grade A; minor 
weathered). Hence no correlation between the degree of terrestrial weathering and the 
K isotopic composition could be found among Antarctic enstatite chondrites. We want 
to note, however, that the assigned degree of terrestrial weathering only describes the 
overall weathering conditions of the recovered meteorites. It is possible that the 
specific sample fragments analyzed here represent a different weathering condition 
compared to the bulk, which might explain why no correlation is seen between degree 
of terrestrial weathering and K isotopic composition.  
Additional evidence that terrestrial weathering cannot be a viable explanation 
for the K isotopic variations observed in enstatite chondrites is given in Tian et al. 
(2018). They compared K isotopic compositions of eucrite falls and finds from 
Antarctica, as well as meteorite finds from the desert in North West Africa (NWA). 
Antarctic meteorites (finds) showed identical K isotopic compositions to meteorite 
falls, while NWA finds showed a clear deviation from the values of meteorite falls 
with K isotopic compositions close to those of terrestrial samples. This observation is 
consistent with previous studies that show Antarctic meteorites are less prone to 
weathering due to the extremely cold and dry climate (e.g. Crozaz and Wadhwa, 
2001). Furthermore, compared to eucrite meteorites, enstatite chondrites generally 
have similar or even higher abundances of K (e.g., Kitts and Lodders, 1998), so the 
addition (if any) of terrestrial K would have to be larger to affect the K isotopes of 
Antarctic enstatite meteorites.  
In summary, terrestrial contamination and weathering cannot explain the K 
isotopic variation observed in enstatite chondrites. However, we are also aware that 
this must be experimentally verified by measurements of K isotopes in samples from 
observed enstatite meteorite falls, which is planned in the future once such material 
will be made available by curators. 
4.2.2 Spallogenic and cosmogenic effects 
Since K has only two stable isotopes (39K and 41K), and its long-lived 
radioactive isotope (40K) is usually far less abundant and cannot be measured with the 
current method due to the direct interference from 40Ar, it is difficult to distinguish 
mass-dependent isotopic fractionation effects on the 41K/39K ratio from potential 
changes of the 41K/39K ratio due to spallogenic and cosmogenic effects. Solar 
irradiation and galactic cosmic ray (GCR) radiation effects for enstatite chondrites 
and aubrites are well known. GCR irradiation effects are noticeable in the noble gas 
record of enstatite chondrites and aubrites (e.g., Lee et al., 2009). Moreover, 
secondary neutrons from spallation reactions thrive in Fe-poor samples and thus 
neutron-induced isotope shifts of the Sm and Gd isotopic compositions are exemplary 
in the Norton County aubrite (e.g., Hidaka et al., 1999). On average, aubrites have the 
largest cosmic ray exposure ages among stony meteorites (Lorenzetti et al., 2003; 
Herzog and Caffee, 2014). 
Therefore consideration of irradiation effects on the K isotopic composition 
should be relevant here. Cosmic ray bombardment is known to produce all isotopes of 
K (and other lighter stable and radioactive isotopes such as 36Cl, and Ar isotopes) by 
spallation of heavier elements (in particular abundant Fe) in meteorites. Production of 
K has been extensively analyzed in iron meteorites (no indigenous K) where δ41K > 
1,000‰ was frequently found (Voshage et al., 1983). Production of K isotopes from 
Fe should be most noticeable in samples with high Fe contents (more target nuclei) 
and low total K (less dilution of cosmogenic K by indigenous K). The EH chondrites 
are very Fe-rich (bulk Fe content 30.5 wt.%; Lodders and Fegley, 1998) and given 
similar exposure ages, spallation of Fe would lead to a larger change in their 41K/39K 
ratios than in EL-chondrites (24.8 wt.% Fe on average; Lodders and Fegley, 1998) 
and aubrites (0.41 wt.% Fe on average; Keil, 2010). However, as shown in Fig. 1, 
EH-EL chondrite and aubrites span the same range in K isotopes. In addition, there is 
no hint of any trend between δ41K and the Fe/K for individual samples (see Fig. 6a). 
Radioactive 41Ca (half-life: 0.1 Ma) can be produced by thermal 
neutron-capture through 40Ca(n, γ)41Ca and this secondary cosmic ray irradiation 
product has been measured in several aubrites (Herzog et al., 2011; Welten et al., 
2004). For long irradiation durations (>> half life of 41Ca) and high neutron fluxes, 
decay of 41Ca to 41K may lead to measureable effects in very Ca-rich samples of 
aubrites. This effect is pronounced in large meteorites (such as the Norton County 
aubrite) since the thermalization of neutrons occurs deep in the meteorite. Thus, 
knowing the meteorite size in space and the location of the samples analyzed within 
meteorites becomes important and must be considered in the future. As shown in Fig. 
6b, however, there is no trend between δ41K and the Ca/K for individual samples. 
Since spallation and neutron capture yields also depend on the exposure time 
there should be a correlation between the meteorites’ K isotopic compositions and 
their exposure ages. Patzer and Schultz (2001) reported cosmic-ray exposure ages for 
EL-chondrites MAC 88136 and LON 94100, and EH-chondrite EET 96135. 
Lorenzetti et al. (2003) reported cosmic-ray exposure ages for aubrites ALHA78113 
and ALH 84008 (paring with ALH 84009 in this study). As shown in Fig. 6c, 
although the data are limited (one or two samples from every group), there is a slight 
hint of correlation between δ41K and the cosmic-ray exposure ages within each 
studied group, which suggests that some of the K isotopic variation observed in 
enstatite chondrites may be influenced by spallogenic and cosmogenic effects. 
Nevertheless, a larger data set is needed to confirm the proposed correlation.  
4.2.3 Parent-body thermal processing 
Significant K isotopic variations are observed in the eight enstatite chondrites 
studied here and parent-body processing could be another possible explanation for 
such variations. Except for the rare type 7, samples in this study cover the complete 
spectrum of petrological types: three EH3, one EH4/5, one EL3, one EL4 and two 
EL6. In Fig. 5b, we plotted the petrological type vs. the K isotopic compositions for 
EH and EL chondrites. The least metamorphosed samples (type 3-4) from EL 
chondrites are more enriched in lighter K isotopes than observed in EH chondrites 
(Fig. 5b). Since it has been shown that different parent bodies have unique K isotope 
compositions due to different volatilization histories (Wang and Jacobsen, 2016b; 
Tian et al., 2018), the difference between unequilibrated EH and EL chondrites is 
consistent with the notion that they originated on different parent bodies with distinct 
volatile depletion histories (Keil, 1989)  
There is no obvious trend in K isotopic composition with petrologic type for 
EH chondrites, and unequilibrated EH3/4 chondrites span a wide range in K isotopic 
compositions. There could be a trend towards lighter or heavier K isotopic 
compositions with petrologic type for EL chondrites because we have two EL6 
chondrites (LON94100 and ALHA81021) with a large difference in isotopic 
compositions (−0.92‰ < δ41K < −0.18‰). As discussed above and below, the 
difference in K-isotopic composition of our EL6 chondrites is difficult to explain by 
weathering or shock effects. Until more EL chondrites are analyzed, conclusions 
about any possible trends of isotopic variations with petrologic types are premature.  
4.2.4 Impact vaporization 
One mechanism for the relatively large variations in K isotopic compositions 
observed for EH3 and EL6 chondrites is evaporation-driven kinetic K isotopic 
fractionation generated by impacts. The EL6 chondrites experienced thermal 
metamorphism and impact melting and/or brecciation (Rubin et al., 2009). Rubin and 
Wasson (2011) suggest that ~60% of EL6 meteorites were formed by impact melting. 
Kinetic isotopic fractionation during vaporization would enrich EL6 samples in the 
heavier isotopes if they represent evaporation residues. Enrichments in heavy isotopes 
have been observed for other moderately volatile elements such as the Cd and Zn 
(Wombacher et al., 2003; Wombacher et al., 2008; Moynier et al., 2011). However, 
we do not find a correlation between impact shock stage level (Table 1) and δ41K (Fig. 
5c) and our two EL6 chondrites are formally both classified as shock stage S2. In 
addition, the one sample in this study classified as a breccia, EL3 MAC 88136, has 
the same K isotope composition (−0.74 ±0.05‰ vs. −0.76 ±0.02‰) as the 
unbrecciated samples (e.g., EL4 MAC 02747). As such, impact brecciation does not 
appear to have fractionated K isotope compositions of enstatite chondrites.    
Although no correlation between impact shock level and δ41K is seen, the 
currently observed shock levels of EL6 chondrites may not represent the real degree 
of their impact-shock levels as they also experienced annealing after impact(s) (Rubin 
et al., 1997; Rubin, 2015). Therefore, impact evaporation-driven kinetic K isotopic 
fractionation remains one plausible explanation for the large δ41K variations observed 
for EL6 meteorites. Udry et al. (2019) recently reclassified four meteorites (NWA 
4799, 7214, 7809, 11071) from aubrites to enstatite chondrite impact melts based on 
multiple lines of petrological and geochemical evidences. Currently, no enstatite 
chondrite impact melts have been analyzed in K isotopes. If the impact 
evaporation-driven kinetic K isotopic fractionation discussed above indeed generated 
the K isotope variation observed in EL6, we would expect heavy K isotope 
enrichments in the enstatite chondrite impact melts since they have experienced 
intensive impact melting and evaporation. Such a hypothesis could be tested on those 
impact melts in the future to investigate the impact evaporation-driven kinetic K 
isotopic fractionation mechanism proposed here. At last, Boyet et al. (2018) proposed 
that EL3 and EL6 chondrites are originated from two different parent bodies based on 
Nd isotopes. The K isotope difference between EL3 and EL6 observed here is 
consistent with this proposal and indicates that the two parent bodies experienced 
different impact histories. 
The variations in K isotopes among EH chondrites are difficult to relate to 
shock stage because only two EH chondrites have a shock level assigned to them 
(Table 1 and Fig. 5c). We suspect that the K isotopic composition of LAR 12252 
(EH3, no formal shock stage known) could be affected by impact vaporization. 
Compared to other EH3 chondrites, this meteorite is depleted in K (220-214 ppm vs. 
498-668ppm) and enriched in heavy K isotopes (−0.18‰ vs. −0.61‰ to −0.35‰), 
which is consistent with K isotopic fractionation due to impact vaporization.  
 
4.3. The origin of the K isotopic fractionation in aubrites 
Aubrites are all breccias with the exception of Shallowater. In contrast to 
enstatite chondrites, aubrites are depleted in metal and sulfide phases indicating 
metal-sulfide segregation on the aubrite parent asteroid. It was suggested that their 
parent body was involved in a collision sufficiently powerful to result in global 
disruption, and that the material was subsequently reassembled, to form a “rubble pile” 
asteroid (Wolf et al., 1983). As shown in Table 1 and Fig. 1 if MIL 13004 is excluded, 
the average δ41K = −0.55 ±0.06‰ (2SD, n=3) is indistinguishable from average value 
of enstatite chondrites as well as the BSE value. The K concentrations in aubrites are 
strongly depleted compared to both EH and EL chondrites; however aubrites have 
similar isotopic compositions to those of EH and EL chondrites. This is opposite to 
what would be expected if the K depletion were due to impact vaporization or the 
degassing of the aubrite parent-body magma ocean, assuming the aubrites started with 
an enstatite-chondrite-like K concentration and isotopic composition, which is a 
plausible assumption considering the identical O isotopic compositions of aubrites 
and enstatite chondrites. Importantly, our high precision data clearly shows that the 
process responsible for depleting K in aubrites did not cause any significant K 
isotopic fractionation relative to enstatite chondrites. Thus the K depletion in aubrites 
is more likely the result of magmatic differentiation processes rather than the 
magma-ocean degassing. 
An outlier among the aubrites is MIL 13004, which has the lightest K isotopic 
composition (δ41K = −2.34 ± 0.04‰) among all extraterrestrial samples analyzed so 
far (e.g., Tian et al., 2018; Bloom et al., 2018; Wang and Jacobson, 2016b; Ku and 
Jacobsen, 2019). We repeated the measurement of a different fragment of the same 
chip of this meteorite, and obtained the same result (−2.36 ±0.12‰ vs. −2.34 ± 
0.04‰; see Fig. 2). This large depletion in 41K is hard to explain by any known 
processes. The largest variation of K isotopes seen among terrestrial natural samples 
is only ~1‰, and this is due to low-temperature processes such as hydrothermal 
alteration and clay formation (Parendo et al., 2017; Morgan et al., 2018; Santiago 
Ramos et al., 2018). Such a large K isotopic fractionations has not yet been observed 
among carbonaceous and ordinary chondrites or differentiated lunar, martian and 
eucrite meteorites (Bloom et al., 2018; Tian et al., 2018; Ku and Jacobsen, 2019). 
Interestingly, other moderately volatile elements such as Zn also show an extreme 
enrichment of lighter isotopes in aubrites compared to enstatite chondrites (Moynier 
et al., 2011). This enrichment of lighter Zn isotopes has been interpreted as the 
back-condensation by the vapor phase, which is enriched in lighter Zn isotopes. The 
vapor phase is caused by the liberation of volatiles in EL6 chondrites during impacts 
causing the EL6 to become enriched in heavy Zn isotopes (Moynier et al., 2011). This 
mechanism originally proposed for Zn isotopes in aubrites can possibly explain the 
isotopically light K in MIL 13004. The K concentration in MIL 13004 (313-340 ppm) 
is higher than the majority of aubrites, which supports the hypothesis that isotopically 
light K condensed back from a vapor phase.  
Alternatively, the uniquely low δ41K value observed in MIL 13004 could be 
also attributed to inter-mineral K isotope fractionation in aubrites. This may be 
characteristic to enstatite meteorites due to the extreme reducing conditions of 
formation. Under such conditions typical lithophile elements (e.g., K) exhibit 
chalcophile behavior and can form unique K-bearing sulfide phases. Potassium in 
aubrites has been found in minerals such as enstatite (<90ppm), albite (4730ppm), 
alabandite (<1570 ppm) and djerfisherite (~ 105ppm) (data from the Peña Blanca 
Spring aubrite from Lodders et al., 1993). Djerfisherite is an accessory mineral and its 
distribution in aubrites is highly heterogeneous. Mass-balance calculations indicate 
that, djerfisherite could be the main contributor (>90%) of the K inventory even if the 
djerfisherite takes up only 1% of the total mass of the aubrite fragment (MIL 13004) 
studied. In djerfisherite the nearest neighbors of K atoms are Cl and S. The bond 
lengths of K-Cl and K-S are much larger than the K-O bond lengths in silicates. 
According to isotopic fractionation theory (e.g., Schauble, 2004) and ab initio 
calculation, djerfisherite should be significantly enriched in lighter K isotopes when in 
equilibrium with K-bearing silicate minerals (Li et al., in review). Thus the 
equilibrium K isotopic fractionation between mineral phases (K-bearing silicates and 
sulfides) in aubrites could account for the higher concentration of K and the 
isotopically light composition in MIL 13004 (see Fig. 7). However, there is no 
detailed mineralogy and petrology study yet on MIL 13004 beyond initial 
classification. Future work needs to be done to test such hypothesis by isolating 
djerfisherite from aubrites and analyzing its K isotopic composition. 
. 
 
  
5. CONCLUSION 
We have studied the K isotopic compositions of 12 enstatite chondrites and 
aubrites in various chemical groups (EH and EL chondrites, and main-group aubrites), 
petrological types (3-6), shock degrees (S1-S4), terrestrial weathering conditions, and 
cosmic-ray exposure ages. The average K isotopic composition of 8 enstatite 
chondrites is −0.47 ±0.57‰ (2SD, n=8), which is our best estimate for the bulk K 
isotopic composition of the enstatite chondrites. Compared to other extraterrestrial 
samples (e.g., carbonaceous and ordinary chondrites, lunar, martian and eucrite 
meteorites), enstatite meteorites are the only group that have a K isotopic composition 
identical to that of the Earth (−0.48 ±0.03‰). Potassium stable isotopes are now 
added to the growing list of isotope systems which show indistinguishable 
compositions between enstatite meteorites and the Earth. Potassium isotopes of 
enstatite meteorites in this study further corroborate the isotopic similarity between 
Earth’s building blocks and enstatite meteorite precursors.  
We also observed the lightest K isotopic composition (δ41K = −2.34 ± 0.04‰) 
in one aubrite fragment (MIL 13004) among all meteorites that have been analyzed to 
date. We attribute this very light K isotopic composition in this aubrite to the presence 
of larger amounts of djerfisherite in our sample because ab initio calculations 
predicted enrichments in lighter K isotopes. This conclusion needs to be test by 
further investigations.  
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Table 1. The chemical classification, petrological types, K concentration and isotopic compositions of enstatite chondrites in this study. 
 
Name Type Weatheringa Shocka Mass (mg) K (ppm)e δ41K ±2σ n 
MAC 88136 EL3 A S3 82.2 565 −0.740 0.045 12 
MAC 02747 Ave. c EL4 B/C S4   −0.756 0.020 23 
 MAC 02747 #1b    118.7 616 −0.771 0.031 13 
MAC 02747 #2b    54.8 256 −0.744 0.027 10 
ALHA81021 EL6 A S2 188.3 425 −0.918 0.040 13 
LON 94100 Ave. c EL6 A/Be S2   −0.180 0.028 25 
LON 94100 #1b    125.3 518 −0.194 0.036 13 
LON 94100 #2b    33.0 471 −0.157 0.046 12 
Average EL      −0.625±0.645d   
MIL 07028 Ave. c EH3 B    −0.349 0.020 23 
MIL 07028 #1b     73.6 604 −0.418 0.038 13 
MIL 07028 #2b     36.9 668 −0.322 0.024 10 
LAR 12252 Ave. c EH3 A    −0.180 0.029 22 
LAR 12252 #1b     112.9 220 −0.196 0.054 10 
LAR 12252 #2b     37.4 215 −0.173 0.034 12 
LAR 06252 Ave. c EH3 Be S4   −0.610 0.021 21 
LAR 06252 #1b     124.4 498 −0.626 0.027 11 
LAR 06252 #2b     67.4 588 −0.582 0.035 10 
EET 96135 Ave. c EH4/5 B S3   −0.325 0.020 35 
EET 96135 #1b    99.1 575 −0.278 0.033 11 
EET 96135 #2b    54.6 748 −0.407 0.042 13 
EET 96135 #3b      −0.323 0.031 11 
Average EH      −0.386±0.358d   
Average All      −0.473±0.569d   
BHVO-2 Geostandard     −0.463 0.031 91 
 
a The weathering and shock conditions are from MetBase and references therein (Zhang et al., 1995; Kong et al., 1997; Rubin et al., 2009; Wang et al., 2014; Rubin, 2015). 
Weathering index A, B or C represents “minor”, “moderate” or “severe” rustiness, respectively. Letter “e” represents evaporite minerals visible. 5 
b The “#” represents repeated sample from the same powder of the same sample. 
c The average value of a sample was reported with error-weighted average of all measurements and the uncertainty is given with ±2σ. 
d The average value of the group was reported with error-weighted average of all meteorites in the group and the uncertainty was given with 2SD. 
e The uncertainty of the K concentration is 10% RSD based on the repeated measurements using iCapQ quadrupole ICP-MS. 
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Table 2. Petrological type, K concentration and isotopic compositions of aubrites in this study. 
Name Type Weatheringa Shocka Mass (mg) K (ppm)d δ41K ±2σ n 
ALHA78113 Ave. c AUB A/Be S2-5   −0.632 0.035 20 
ALHA78113 fragment 1b    177.30 62 −0.629 0.051 10 
ALHA78113 fragment 2b    145.8 49 −0.634 0.048 10 
ALH 84009 AUB A 
 
283.90 90 −0.752 0.042 13 
LAR 04316 Ave. c AUB A S4   −0.374 0.032 21 
LAR 04316 fragment 1b    216.10 240 −0.338 0.035 11 
LAR 04316 fragment 2b    122.5 217 −0.542 0.075 10 
MIL 13004 Ave. c AUB A/B    −2.341 0.041 22 
MIL 13004 fragment 1b    104.50 313 −2.339 0.043 11 
MIL 13004 fragment 2b    115.5 340 −2.358 0.124 11 
  
a Weathering and shock degrees are from MetBase and references therein (Lipschutz et al., 1988; Ntaflos and Koeberl, 1992; Yanai et al., 1995; Keil et al., 2011; Wang et al., 15 
2014; Rubin, 2015). Weathering index A, B or C represents “minor”, “moderate” or “severe” rustiness, respectively. Letter “e” represents evaporite minerals visible. 
b Different fragments of the same meteorite were analyzed. 
c The average value of a sample was reported with error-weighted average of all measurements and the uncertainty is given with ±2σ. 
d The uncertainty of the K concentration is 10% RSD based on the repeated measurements using iCapQ quadrupole ICP-MS. 
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Figure Captions 
Fig. 1. Potassium isotope (δ41K) variations of different subgroups of enstatite 
meteorites. Error bars shown are 2σ (95% confidence intervals) and are typically 
smaller than the symbol sizes. The dashed line stands for the average δ41K value of 25 
enstatite chondrites (δ41K = −0.47). The shaded bar represents the Bulk Silicate Earth 
δ41K = −0.48 ± 0.03 ‰ (Wang and Jacobsen, 2016a). 
Fig. 2. Comparison of data obtained for aliquots of the samples repeatedly 
analyzed in this study.   
Fig. 3. Range of δ41K observed for undifferentiated (OC, CC and EC) and 30 
differentiated (Moon, Vesta, Mars, and aubrites) meteorites in this study and from the 
literature (Tian et al., 2018; Tian et al., in review; Bloom et al., 2018; Wang and 
Jacobson, 2016b; Ku and Jacobsen, 2019).  
Fig. 4. Histograms of K isotope compositions (δ41K) for carbonaceous, 
enstatite, and ordinary chondrites as well as aubrites. The outlier, aubrite MIL 13004, 35 
is excluded from this figure. All data shown are a combination of this study and the 
literature (Bloom et al., 2018; Wang and Jacobson, 2016b; Ku and Jacobsen, 2019). 
Fig. 5. The K isotopic compositions of enstatite meteorites as functions of (a) 
weathering degree (b) petrological type (c) shock degree.  
Fig. 6. The K isotopic compositions of enstatite meteorites as functions of (a) 40 
Fe/K ratio (b) Ca/K ratio (c) cosmic-ray exposure ages. The data are from this study 
and from the literature (Lipschutz et al., 1988; Ntaflos and Koeberl, 1992; Yanai et 
al., 1995; Zhang et al., 1995; Kong et al., 1997; Patzer and Schultz, 2001; Lorenzetti 
et al., 2003; Rubin et al., 2009; Keil et al., 2011; Wang et al., 2014). 
Fig. 7. δ41K vs. the inverse potassium content [K] (ppm), for enstatite 45 
chondrites and aubrites analyzed in this study.  
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